Background Studying axonal loss in the retina is a promising biomarker for multiple sclerosis (MS). Our aim was to compare optical coherence tomography (OCT) and Heidelberg retinal tomography (HRT) techniques to measure the thickness of the retinal nerve fiber layer (RNFL) in patients with MS, and to explore the relationship between changes in the RNFL thickness with physical and cognitive disability. We studied 52 patients with MS and 18 proportionally matched controls by performing neurological examination, neuropsychological evaluation using the Brief Repetitive Battery-Neuropsychology and RNFL thickness measurement using OCT and HRT. Results We found that both OCT and HRT could define a reduction in the thickness of the RNFL in patients with MS compared with controls, although both measurements were weakly correlated, suggesting that they might measure different aspects of the tissue changes in MS. The degree of RNFL atrophy was correlated with cognitive disability, mainly with the symbol digit modality test (r = 0.754, P < 0.001). Moreover, temporal quadrant RNFL atrophy measured with OCT was associated with physical disability. Conclusion In summary, both OCT and HRT are able to detect thinning of the RNFL, but OCT seems to be the most sensitive technique to identify changes associated with MS evolution. Multiple Sclerosis 2008; 14: 906-912.
Introduction
Axonal loss is the most important pathological factor that contributes to permanent disability in multiple sclerosis (MS) [1, 2] . Assessing axonal loss could be useful to monitor disease evolution. Although brain atrophy measured by MRI is strongly dependent on axonal loss, it also reflects neuronal loss, synaptic pruning, loss of myelin, gliosis, and changes in water content, each of which contributes differently to permanent disability [3, 4] . Recently, the retinal nerve fiber layer (RNFL) has been studied as a window into brain diseases [5] [6] [7] , including MS [8] [9] [10] [11] [12] [13] [14] . Indeed, in a previous study we found that RNFL atrophy was correlated with disability, disease activity and brain atrophy, both at the beginning of the disease and in patients that may or may not display clinical impairment of the visual pathway [9] . Correlation between RNFL thickness and brain atrophy on the MRI have been recently confirmed [15, 16] , indicating its ability to detect brain abnormalities. However, we still do not know if RNFL atrophy is associated with cognitive impairment as well as the different performance of the different techniques available for measuring the RNFL.
Among the different means to assess the RNFL, optical coherence tomography (OCT), Heidelberg retinal tomography (HRT) or scanning laser polarimetry (GDxVCC) focus on different aspects of the retina [17] , and measurements obtained with these techniques are not equivalent [18] . OCT measurements are based on interferometry, whereby the computer analyzes the echo of reflected light from a 820 nm laser to obtain a transverse section of the RNFL at the head of the optic nerve. By contrast, HRT investigates the optic nerve head primarily and also the retina. HRT measurements are based on obtaining different depths of two perpendicular images of the head of the optic nerve axis with a 670 nm laser, which are subsequently fused to obtain a three dimensional image. These technical issues indicate that OCT might better reflect axonal loss in the RNFL because it most accurately measures changes in the thickness of the tissue. Alternatively, HRT might provide more information of the overall volume changes in the thickness of the RNFL induced by different pathological process, such as the presence of edema, inflammation, changes in cell populations and axon density [12, 19, 20] . Previous studies of glaucoma and acute optic neuritis suggested that OCT is more sensitive to axonal loss and that HRT measurements, mainly the ratio of the cup to disc area, is more sensitive to volume changes in the papilla, for example those induced by inflammation or edema, in addition to axonal loss [17, 20] . However, previous studies in glaucoma do not provide differences between OCT and GDxVCC when assessing the RNFL. However, it is not clear whether HRT measurement of the RNFL will provide additional information in patients with MS. Thus, the aim of our study was to compare the OCT and HRT techniques and to analyze the relationship between the thickness of the RNFL and physical or cognitive impairment. This cohort and data is shared with a previous study analyzing the association between RNFL, disability and MRI [9] .
Methods Subjects
We studied 52 patients with MS [21] and 18 sex and age proportionally matched healthy controls (HC). This cross-sectional study was conducted at the time of the last evaluation (month 24) in a prospective cohort used to define the association between thickness of the RNFL measured by OCT and MS activities [9] . This analysis was performed at the time that HRT became available in our centre. From the 61 patients of the original cohort, we include all patients in this study except nine patients: two were lost for follow-up and seven who did not complete both, OCT and HRT studies. We found no significant differences in demographics [age, Expanded Disability Status Scale (EDSS) or disease subtype] between lost for followup patients and the patients included in the present study. Patients were recruited by their neurologist after the study was approved by the Ethical Review Committee at the University of Navarra and having obtained written informed consent according to the Declaration of Helsinki. The inclusion criteria for patients were having been diagnosed with MS in the last 10 years, irrespective of the disease subtype. Use of immunomodulatory drugs were allowed. We excluded patients with disease duration over 10 years, with severe disability (EDSS >7.0), or with ophthalmic diseases that might impair or bias the OCT or HRT measurements (e.g. diabetes, glaucoma, congenital abnormal optic disc as tilted nerve, myopia ≥6 diopters and hypermetropia ≥4 diopters). Baseline neurological and ophthalmologic examinations, and OCT and HRT studies were performed in the same month.
Clinical assessment
Neurological data included number of relapses, disability progression and the use of immunomodulatory therapy recorded in a previous 2-years longitudinal study [9] . Trained staff scored disability using the EDSS, the MS Severity Scale (MSSS) and the MS Functional Composite (MSFC). We used the definition of 'disability progression' from Rio et al. [22] , which proposed an increase in the EDSS in 1 point confirmed in a second visit after 6 months. Cognitive impairment was evaluated by a trained neuropsychologist with the Brief Repeatable BatteryNeuropsychology (BRB-N) as described previously [23] . Thirty-five patients performed the neuropsychological studies. Cognitive impairment was defined as a performance 1.5 SD below the control group in at least two subtests of the BRB-N. Ophthalmologic evaluations were performed by two ophthalmologists blind to the neuropsychology data and included: visual acuity (VA) using high contrast Snellen charts, direct ophthalmoscopic examination following pupil dilation using 1% tropicamide, and the measurement of RNFL thickness by OCT and HRT. Visual impairment was defined as a best corrected VA ≤20/40. The demographics and clinical characteristics of patients and controls, including disease activity in the previous 2 years, are shown in Table 1 .
Optical coherence tomography
The thickness of the RNFL was measured in each eye using optic coherence tomography with a StratusOCT (StratusOCT 3000, and OCT 4.0 software, Carl Zeiss, Dublin) using the RNFL thickness 3.4 mm scan protocol after pupil dilatation. An experienced technician who was blind to the results of the other studies made the measurements. All scans were obtained three times and averaged. All scans had a signal strength requirement >7 (maximum 10) and involved uniform brightness across the scan circumference. The average (overall) and quadrant (temporal, superior, inferior and nasal) RNFL thickness were obtained in μm. We focused our analysis in the temporal quadrant based on previous studies showing a higher reduction of the RNFL thickness in this quadrant in MS [9, 13, 14] .
Heidelberg retinal tomography
The HRT-3 scanner (Heidelberg Eye Explorer software version 1.5.1, Heidelberg Engineering, GmbH, Heidelberg, Germany) measurements were obtained by an experimented technician, blind to the results of the other studies. Three 15°topo-graphic images were obtained for each eye and a composite image created from these three images was used for data analysis. The margin contour line of the disc to determine the disc area was drawn at the inner edge of the scleral ring by an experimented technician, assessed by an ophthalmologist in case of doubt. The software calculates various parameters, including average RNFL thickness, quadrant RNFL thickness, rim-disc area ratio, cup-disc ratio, and global rim volume. We used the cut-off point of the average RNFL minus 1.96 SD to define a pathological RNFL using HRT [24] .
Statistical analysis
The normal distribution of all variables was assessed using the Kolmogorov-Smirnov test. The differences between groups were assessed with the t-test for parametric variables or the Mann-Whitney Utest for nonparametric ones. The correlation between RNFL thickness (OCT measurements were normally distributed and the HRT were not normally distributed), cognitive measures and other clinical variables was carried out using a bivariate correlation (Pearson's or Spearman's correlation). In all cases, EDSS was treated as a noncontinuous variable and analyzed with the Spearman correlation. Analysis was designed a priori for testing average RNFL and temporal quadrant RNFL thickness with the clinical variables, based in our previous study [9] . We excluded eyes with previous optic neuritis and we choose one eye from every subject (patient and control) such that the optic neuritis eyes were avoided. The side (left/right) was chosen by creating a random sequence. We performed uncorrected multiple correlations for screening correlation between RNFL and cognitive measures, and we applied multiple regression analysis in variables with a P-value <0.005 (adjusted by age and education). We used the statistic package SPSS 13.0 for all analyses (SPSS Inc. Chicago, Illinois, USA).
Results
We examined the capacity of HRT to detect RNFL atrophy in MS by comparing the RNFL thickness measured in HC and patients with MS. We found that in patients with MS the average RNFL thickness and the thickness of the temporal RNFL quadrants were lower when compared with HC, as was the global rim volume (Table 2 ). However, we found no differences in the other HRT variables such as the ratios of the cup to disc or rim to disc area. HRT identified RNFL atrophy in patients with a previous history of optic neuritis, either with or without permanent impairment of VA (P = 0.03 and P = 0.011 respectively), as well as in patients who had not previously suffered optic neuritis or any other impairment of the visual pathway (P = 0.003). By applying the HRT cut-off, obtained from glaucoma patients [24] , we found that while the average RNFL was below the lower limit of the 95% CI of the normal values in 3% of patients with MS, none of the controls were below the cut-off. Finally, the RNFL thickness decreased in patients of all disease subtypes, including patients at the beginning of the disease such as CIS patients (P < 0.05 in all cases). Differences between patients and controls using OCT are described elsewhere [9] .
We were also interested in comparing the results of OCT and HRT measurements of the RNFL to evaluate whether these techniques are equivalent to monitor patient with MS or whether they provide complementary information about disease activity. We found a weak correlation between OCT and HRT RNFL thickness measures, both average and by quadrants, both in the overall cohort as well as in patients with MS (Table 3) . Therefore, although both techniques provide information about the changes in the RNFL in MS patients, their measures are not equivalent and they may provide different information about tissue changes in the RNFL. We found that RNFL thickness, obtained with OCT correlated with physical disability as measured with the EDSS scale after correcting for multiple comparisons (Table 4) . Moreover, patients whose disability had progressed over the previous 2 years displayed a decrease in the temporal RNFL thickness measured with OCT (Table 5 ). However, relapses did not appear to influence any of the HRT variables in our cohort, including the cup to disc ratio (P = 0.139 and P = 0.103 respectively). It still remains unclear whether RNFL atrophy is associated with cognitive impairment in MS. In our cohort, 16 out of 35 patients (45.7%) displayed cognitive impairment (having a performance 1.5 SD below the control group in at least two subtests of the BRB-N), while 24 out of 35 (68.6%) performed 1.5 SD below the control group in at least one test. Indeed, EDSS correlates with the SRT and SDMT (P < 0.05; data not shown). Patients with cognitive impairment displayed a trend towards a lower average RNFL thickness when compared to patients with no cognitive impairment (P = 0.062). By contrast, we found that when measured by OCT, the average and temporal quadrant RNFL thickness significantly correlated with some neuropsychological test, particularly with the symbol digit modality test (SDMT) ( Table 6 ). In the multiple regression model both OCT measures predicted SDMT values after controlling for age, and number of school years (temporal quadrant RNFL thickness adjusted R 2 = 0.706; and average RNFL thickness adjusted R 2 = 0.435). After including EDSS and immunomodulatory treatment in a second stepwise model, we found that correlation between temporal quadrant RNFL thickness remained significant.
Discussion
The development of new biomarkers for MS is crucial to improve our ability to predict disease evolution and monitor responses to therapy [4, 25] . The in vivo imaging of the RNFL is a promising strategy to assess axonal loss in MS [26, 27] because the visual pathway is frequently involved in this disease, retinal axons lack myelin, and it is a rapid, reproducible and relatively inexpensive technique. We and others have found that the thickness of the RNFL is diminished in patients with MS [8] [9] [10] [11] [12] [13] [14] and optic neuritis [28] [29] [30] [31] . Moreover, the presence of RNFL atrophy is relatively accurate in predicting disease activity [9] . However, in the present study the association between RNFL thickness and disease activity is weak. This could be due to the fact that the RNFL is only indirectly assessing the diffuse axonal loss in the brain, and there is a lesional threshold and anatomical issue determining the contribution of axonal loss to permanent disability. Cognitive impairment in MS is frequent and can contribute significantly to the reduced quality of life of patients with MS [23, 32] . In this study, we found significant correlation between RNFL atrophy and executive and attention deficits measured with the SDMT. SDMT is the cognitive test that better identify cognitive dysfunction in MS patients and correlate with disability [23, 33] . Thus, our results suggest that RNFL measurements are able to identify tissue changes associated with cognitive impairment. Although RNFL measurements were introduced in MS at the first time for measuring the impact of lesions in the anterior pathway (e.g. optic neuritis), previous results [9, 15] indicates that RNFL thickness provide an indirect estimation of brain atrophy. The ability of RNFL measurements to capture the retina counterpart of brain atrophy [34, 35] could explain its correlation with permanent disability and cognitive performance, independently of the involvement of the visual pathway in the functions being tested. However, several limitations might influence these findings. For example, RNFL thickness is a measure of the anterior visual pathway and it may be considered to sample the state of the brain tissue, only indirectly reflecting overall brain damage. Although the link between RNFL thickness and cognitive function may be more dependent of the general distribution of lesion load, such as more plaques in one place necessarily being associated with more plaques in others, this fact does not preclude its usefulness as a biomarker for monitoring brain damage in MS. This can explain why RNFL thickness measured with OCT have a good specificity but a low to moderate sensitivity for predicting permanent disability [9] , which is highly dependent on axonal loss. These facts suggest that this technique is able to capture small changes in axonal loss, but that the patched nature of MS might prevent to reflect the overall brain damage at the retina level. In addition, our cohort was mainly composed of patients in the early-to mid-stage of the disease and cognitive impairment was not severe in the overall cohort, which might have prevented us from identifying stronger correlations with cognitive impairment. The results of the RNFL are expressed as the mean in μm (standard deviation) and the results of the global rim volume are expressed in mm 3 . RNFL values were compared using the Mann-Whitney U-test. HRT, Heidelberg retinal tomography; OCT, optic coherence tomography; RNFL, retinal nerve fiber layer. *P < 0.05. **P < 0.01. a Disability progression: increase in the EDSS in 1 point confirmed in a second visit after 6 months. Thus, further studies on larger cohorts and in patients with progressive disease and more severe cognitive impairment will help to better define the potential utility of RNFL measurements to assess cognitive impairment in MS. The techniques of OCT and HRT assess structural RNFL damage in different ways [17] . OCT provides a direct measure of RNFL thickness using an algorithm capable of locating the anterior and posterior limits of the RNFL and calculating the RNFL thickness by subtraction. Conversely, HRT is an indirect measurement of RNFL thickness, extrapolated from topographic information of RNFL height and the reference plane. For this reason, HRT is more sensitive to overall volume changes in the tissue. In addition, because both techniques measured the RNFL at different location, the absolute number differs, being for OCT average RNFL in the range of the 100 μm and for HRT average RNFL in the range of 250 μm (0.25 mm). Despite the significant difference in these techniques to measure RNFL, the thickness of the RNFL was correlated when measured by OCT and HRT in glaucomatous eyes [17, 20] . The different technical approaches explain why previous studies in glaucoma and acute optic neuritis suggested that OCT is more sensitive to axonal loss, while HRT measurement is more sensitive to volume changes in the papilla, as produced by edema and inflammation in addition to axonal loss [17, 20] . Because each technique is more sensitive to different tissue changes, we were interested in comparing the two techniques to assess whether they may be associated with different clinical variables, possibly reflecting the different pathogenic processes involved in MS (e.g. inflammation and axon loss). However, the fact that we did not measured the RNFL during the acute phase of optic neuritis and none of the patients had papillitis at the time of the ophthalmologic examination might prevent us from detecting the effect of inflammation in papilla volume changes.
Our study also provides valuable practical information when tempting to move RNFL measurements to neurological practice or using it as a surrogate marker for clinical trials. First, OCT seems to offer a better performance than HRT in identifying tissue changes that correlates with physical disability. Second, in addition of measuring the mean RNFL thickness, the temporal quadrant RNFL thickness measured with OCT seems to be more sensitive for detecting changes associated with disease activity. The preferential involvement of the temporal quadrant of the RNFL in MS have been described anatomically by the involvement of the maculopapillary bundle [36] and confirmed recently by OCT [13, 14] . However, other studies have shown thinning of all RNFL quadrants using OCT in patients with optic neuritis or MS. In the study by Fisher, et al. [8] , they found a decrease in all quadrants, although the decrease was smaller in the nasal quadrant. In Costello, et al. study [31] , they found a decrease in all quadrants, and Trip, et al. [29] found that the superior and inferior RNFL quadrant thicknesses (but not the temporal or nasal quadrants) correlated with their corresponding visual field sectors. However, both cohorts were composed by patients with more severe ON compared with Fisher, et al. study and to our study, which might account for some loss of sensitivity. Third, by studying only eyes without previous optic neuritis we obtain a better correlate of overall brain damage. Because the presence of previous optic neuritis have a strong impact in the RNFL thickness [28] [29] [30] [31] , the study of the RNFL in eyes with previous optic neuritis will reflect more the local effect of the axonal loss secondary to the optic neuritis than the widespread axonal loss in the brain with MS. Further development of standards for the measurement of RNFL, similarly to the development of MRI standards for MS, as well as new software and analytical tools might increase the usefulness of this technique in MS. Moreover, a more detailed study in patients with MS with different degrees of inflammation and neurodegeneration (e.g. comparing relapsing and progressive patients with MS), and prospective studies with patients with acute optic neuritis, might clarify whether either technique has sufficient accuracy to distinguish these components.
